Introduction
In the last decade considerable efforts have been made to understand the role played by paramagnetic transition metal complexes as reaction intermediates [1, 2] . It is generally admitted that these intermediates can be divided into two main classes [3, 4] : (i) organic radicals coordinated to a transition metal complex [5] , (ii) paramagnetic complexes with a considerable localisation of the unpaired electron on the metal. We have recently shown that (CO) 5 M-Å PR 2 , a species of the former class, can be formed from M(CO) 5 PR 3 (with M = Cr, Mo, W) [6] . Here, we show that, by changing the experimental conditions, the same precursor can lead to a metal-centred radical anion [M(CO) 4 
PR 3 ]
ÅÀ . Such openshell five-coordinate mononuclear complexes have been proposed as intermediates when passing from four-to sixcoordinate complexes [7] . We will give a description of the structure of these species as obtained from DFT calculations and compare the predicted EPR parameters with the experimental ones. Due to their short lifetime, it is often difficult to measure the tensors of reaction intermediates; in the present study this was performed by trapping the paramagnetic species in the crystal matrix of the irradiated precursor.
Results

EPR spectra
Single crystals of M(CO) 5 PPh 3 (M = Mo, W, Cr) were X-irradiated in liquid nitrogen and studied by EPR at 77 K. In a first set of experiments, any increase of temperature between irradiation and EPR measurements was carefully avoided.
A set of anisotropic lines (signals A hereafter) was recorded with an irradiated crystal of Mo(CO) 5 PPh 3 . The angular variation of these signals A, in the three reference planes, clearly reveal hyperfine interaction with 31 P; the corresponding coupling constants have been calculated assuming three negative eigenvalues; they are given in Table 1 together with the g-tensor.
Intense signals (marked B on Fig. 1 ) together with small satellite lines (B1 and B2) were detected with W(CO) 5 lines B1 and B2 are assigned to 183 W (natural abundance = 14.3%, I = 1/2). The g-tensor as well as the 31 P coupling constants (calculated in the hypothesis of three negative eigenvalues) are reported in Table 1 . After diagonalization, the absolute values of the 183 W are found to be equal to 27, 30 and 33 MHz. However, the lack of precision on the position of these small satellite lines prevented us from discussing their anisotropy.
The spectrum obtained at 77 K, immediately after Xirradiation of a crystal of Cr(CO) 5 PPh 3 , is very complex. Due to the frequent overlap of the numerous lines it was not possible to follow their angular dependence.
As reported in Ref. [6] , at room temperature, single crystals of W(CO) 5 PPh 3 , Mo(CO) 5 PPh 3 and Cr(CO) 5 PPh 3 previously irradiated at 300 K, showed only the signals due to the trapping of the phosphinyl radical linked to the pentacarbonylmetal: (CO) 5 M-Å PPh 2 . However, these spectra drastically changed when the crystals, previously irradiated at 300 K, were studied at 77 K. Probably due to saturation, the lines assigned to (CO) 5 M-Å PPh 2 considerably decreased in intensity, while new signals clearly appeared on the spectra; moreover, the above described signals A and B, generated by irradiation at 77 K, were not detected. The spectral modifications observed on crystals irradiated at 300 K were reversible.
At 77 K, two sets of anisotropic lines (signals K and L hereafter), characterized by a coupling with a spin 1/2 nucleus, were observed with Mo(CO) 5 PPh 3 irradiated at room temperature. Similar anisotropic lines (signals M and N) were also detected, at the same temperature with a crystal of W(CO) 5 PPh 3 irradiated at 300 K. In the same conditions, the spectra obtained with Cr(CO) 5 PPh 3 clearly show the trapping of two species (T and U) exhibiting a coupling assigned to 31 P. The angular variations of these six doublets could be followed in the three reference planes; the resulting g and hyperfine tensors are reported in Table 2 .
It is worthwhile remarking that for all species mentioned in Table 1 (irradiation at 77 K or at 300 K) the 31 P coupling unambiguously reveals the participation of the phosphine group to the structure of the paramagnetic species; it also shows, however, that the corresponding phosphorus ÅÀ obtained at 77 K with a crystal of W(CO) 5 PPh 3 irradiated at 77 K. Table 2 Geometrical parameters a obtained for the optimized structures of [M(CO) 4 PPh 3 ] spin densities are very small (for comparison a spin density of 0.01 in a 3s orbital of atomic phosphorus leads to A iso $ 130 MHz, and a density of 0.01 in a 3p orbital to s aniso $ 7 MHz) [8] .
DFT calculations
Our attempts to optimize the structure of the excesselectron centre [Mo(CO) 5 PPh 3 ]
ÅÀ remained unsuccessful and led to a dramatic increase of the molybdenum-phosphorus distance. On the other hand, an energy minimum was found for the anions having lost a carbonyl group: [W(CO) 4 ÅÀ . Some of the resulting geometrical parameters are given in Table 2 ; a representation of [Mo(CO) 4 PPh 3 ]
ÅÀ is given in Fig. 2 .
The g and 31 P-hyperfine tensors for the three anions have been calculated, they are reported in Table 3 , together with the angle n formed by g min and 31 P-s max .
Discussion
The experimental g-tensors reported in Table 1 for the species (A, B) trapped immediately after X-irradiation at 77 K are considerably more anisotropic than those previously measured for (CO) 5 M-Å PPh 2 at room temperature. Moreover, hyperfine interaction with the metal is clearly detected for the tungsten complex. This is consistent with a greater localization of the unpaired electron on the transition metal and suggests that the species trapped at 77 K result from the capture of electron by the diamagnetic precursor. As mentioned above, [M(CO) 5 PPh 3 ]
ÅÀ tends to dissociate. In the crystal matrix, the cage effect being considerably more efficient for PPh 3 than for CO, it is reasonable to expect the trapping of [M(CO) 4 PPh 3 ]
ÅÀ . Moreover, this agrees with previous reports which mention that one-electron reduction of polycarbonylcomplexes (e.g. Cr(CO) 4 (bpy)) labilises a transition metal-CO bond [9] . Accordingly, as shown in Table 2 , a minimum energy structure was found for each of the three anions [M(CO) 4 PPh 3 ]
ÅÀ . In their equilibrium geometry the complexes adopt a structure close to the square pyramid with the PPh 3 group in the basal position. As shown by the C3-M-C4 angle values, less than 180°, some distortion towards the trigonal bipyramid occurs, this departure from the idealized symmetry is particularly marked for the chromium complex (C3CrC4 = 156°). For the three anions, the shortest metal-carbon distance is associated with the carbonyl in axial position.
As indicated by the gross orbital spin populations, for [M(CO) 4 PPh 3 ]
ÅÀ the unpaired electron mainly lies in p z and d 2 z orbitals of the transition metal and in p z orbitals of the carbon atoms of the basal carbonyl groups ($10% on C3, $10% on C4, $3% on C6). For the three radical anions the spin density on the phosphorus is considerably smaller than that on the metal (Mulliken atomic spin densities: [Cr(CO) 4 ÅÀ is illustrated in Fig. 3 .
Consistent with ligand field theory, such a structure leads to a g-tensor characterized by an axial symmetry with g // $ 2.0023 and g^> g // . The accord between the g values calculated by DFT and the g values measured from the spectra recorded at 77 K immediately after irradiation in liquid nitrogen for the Mo and W species (species A and B) is quite satisfactory. Moreover, for the 31 P-hyperfine tensors of these two complexes, it is possible to find a combination of signs of the experimental eigenvalues (all signs negative) which leads to isotropic coupling constants that are in reasonable accord with the constants calculated by DFT. Experimental and calculated anisotropic coupling constants are small. Furthermore, the relative orientations of g min and 31 P-s max predicted by DFT are in very good agreement with the experimental results: for the Mo complex (species A) and the tungsten complex (species B), the experimental angles n formed by 31 P-s max and g min are equal to 15°and 11°, respectively, while the corresponding DFT predictions for [Mo(CO) 4 PPh 3 ]
ÅÀ and [W(CO) 4 PPh 3 ]
ÅÀ are equal to 8°and 7°, respectively. Annealing the crystals to room temperature not only provokes an appreciable modification of the EPR parameters measured immediately after irradiation at 77 K but also causes an increase of the number of paramagnetic sites (signals A replaced by signals K and L for [Mo(CO) 4 ÅÀ ). Nevertheless, the modifications of the g and 31 P tensors are not very drastic; the main feature consists in an increase of the g max value and in a departure of the axiality of the g-tensor. A single point calculation for [Mo(CO) 4 PPh 3 ]
ÅÀ , after a small change in the C4MoC5 (102°) and C3MoC4 (160.6°) angles led to similar modifications for the g eigenvalues: 2.007, 2.026, 2.035. This suggests that reorganisation in the environment of the radical anion caused by the formation of various radiogenic defects (migration of phenyl groups after formation of (CO) 5 ÅÀ . In this process, the resulting structure of the radical anion is slightly modified; probably the distortion towards a trigonal bipyramid increases (diminution of the C3MC4 angle) and, finally, two distinct sites are observed at the equilibrium. In this context, it is worthwhile mentioning that the EPR spectrum of the radical anion [W(CO) 4 P(OMe) 3 ] ÅÀ was reported by Preston et al. [7] , this species which resulted from hydrogen atom loss of the diamagnetic stable host anion [W(CO) 4 -HP(OMe) 3 
)]
ÅÀ could adopt a square-pyramidal structure with almost no alteration of the geometry of the host complex. Accordingly, both the symmetry of the g-tensor (1.9914, 2.0708, 2.0740) and the 31 P-hyperfine tensors were rather similar to those found for our species B (observed immediately after irradiation of W(CO) 5 ÅÀ .
Conclusion
EPR spectra show that in crystalline matrices, at 77 K, the electron capture by M(CO) 5 ÅÀ after annealing at 300 K.
Experimental
Cr(CO) 5 PPh 3 , Mo(CO) 5 PPh 3 , W(CO) 5 PPh 3 were synthesized by following already described methods [6, 10] . Their crystal structures have been reported [6] . The EPR reference axes were oriented with respect to the crystallographic axes: for Cr(CO) 5 EPR spectra were recorded on a Bruker 300 spectrometer and crystals were irradiated with a Philips X-ray tube equipped with a tungsten anticathode. The EPR tensors were obtained by using an optimization program which adjusts the terms of the spin Hamiltonian in order to obtain the best fitting with the experimental angular variation of the signals in three perpendicular planes [11] .
DFT optimizations of the structures were performed with the Turbomole program [12] by using the B-P86 functional [13, 14] and the SV (P) basis set [12] for the transition metal and TZVP [15] for H, C, O and P. Minima were characterized with harmonic frequency calculations (no imaginary frequencies). Then, properties were calculated at these optimized geometries, with the GAUSSIAN 03 package [16] (B3LYP functional [17] , SBKJ basis set [18, 19] for the transition metal and IGLO-III basis set [20] for the other atoms).
